Living organisms rely on simultaneous reactions catalysed by mutually compatible and selective enzymes to synthesize complex natural products and other metabolites. To combine the advantages of these biological systems with the reactivity of artificial chemical catalysts, chemists have devised sequential, concurrent, and cooperative chemoenzymatic reactions that combine enzymatic and artificial catalysts [1] [2] [3] [4] [5] [6] [7] [8] [9] . Cooperative chemoenzymatic reactions consist of interconnected processes that generate products in yields and selectivities that cannot be obtained when the two reactions are carried out sequentially with their respective substrates 2,7 . However, such reactions are difficult to develop because chemical and enzymatic catalysts generally operate in different media at different temperatures and can deactivate each other [1] [2] [3] [4] [5] [6] [7] [8] [9] . Owing to these constraints, the vast majority of cooperative chemoenzymatic processes that have been reported over the past 30 years can be divided into just two categories: chemoenzymatic dynamic kinetic resolutions of racemic alcohols and amines, and enzymatic reactions requiring the simultaneous regeneration of a cofactor 2,4,5 . New approaches to the development of chemoenzymatic reactions are needed to enable valuable chemical transformations beyond this scope. Here we report a class of cooperative chemoenzymatic reaction that combines photocatalysts that isomerize alkenes with ene-reductases that reduce carbon-carbon double bonds to generate valuable enantioenriched products. This method enables the stereoconvergent reduction of E/Z mixtures of alkenes or reduction of the unreactive stereoisomers of alkenes in yields and enantiomeric excesses that match those obtained from the reduction of the pure, more reactive isomers. The system affords a range of enantioenriched precursors to biologically active compounds. More generally, these results show that the compatibility between photocatalysts and enzymes enables chemoenzymatic processes beyond cofactor regeneration and provides a general strategy for converting stereoselective enzymatic reactions into stereoconvergent ones.
Letter reSeArCH interactions have been investigated for related diester and cyanoacrylate substrates [14] [15] [16] . To enable a stereoconvergent reduction reaction, it was necessary to identify a catalyst for the E/Z isomerization of olefins that is compatible with ene-reductases. An appropriate isomerization catalyst would operate in aqueous solution at ambient temperature; remain active in the presence of ene-reductases, substrates, and products in the reaction mixture; isomerize olefins at the low substrate concentrations required for enzymatic reduction; and generate the more reactive isomer of a substrate from the less reactive isomer. The isomerization catalyst must also be tolerated by the ene-reductases; be mutually compatible with a regeneration system comprising glucose dehydrogenase and reduced nicotinamide adenine dinucleotide phosphate; and not racemize the product.
After determining that negligible thermal isomerization of (Z)-1a occurs under ambient conditions (Fig. 2a) , we considered that recently reported photocatalytic isomerizations of alkenes [17] [18] [19] [20] [21] could be combined with enzymatic reduction to develop the proposed cooperative chemoenzymatic process. Our initial experiments assessed the photoisomerization of (Z)-1a, in solvent mixtures appropriate for the reduction of alkenes by ene-reductases. Limited isomerization of (Z)-1a was observed in semi-aqueous media (1:9 DMSO:Tris buffer) in the presence of blue light (450-470 nm) and in the absence of a photocatalyst (Fig. 2a) . However, extensive isomerization of (Z)-1a was observed when the reaction was conducted with riboflavin in the presence of blue light. A photostationary state consisting of a 9:1 ratio of (E)-1a to (Z)-1a was obtained after (Z)-1a was irradiated with blue light for 24 h in the presence of 5% riboflavin (Fig. 2a) . However, modest yields of 2a were obtained when YersER and riboflavin were used in a simultaneous isomerization and reduction of (Z)-1a in the presence of blue light. This result demonstrated the importance of establishing compatibility between the enzyme and the photocatalyst. We proposed that competitive binding of riboflavin to the flavin-binding site of YersER led to the inhibition of enzymatic activity 13 . Therefore, we sought alternative photocatalysts that would lead to isomerization of (Z)-1a without inhibiting YersER or the cofactor-regeneration system.
The E/Z isomerization of (Z)-1a was evaluated in the presence of a series of organometallic and organic photocatalysts in 1:9 DMSO: 50 mM Tris buffer, and the photostationary state for each combination is recorded in Fig. 2 . Greater than 40% conversion of (Z)-1a to (E)-1a was observed when the substrate was irradiated in the presence of the majority of the photocatalysts, and the highest E/Z ratios exceeded 8:1. Increasing catalyst loading and increasing light intensity enhanced the rate of photoisomerization of (Z)-1a (Supplementary Figs. 15, 16, 18) .
Having identified a series of photocatalysts for the isomerization of (Z)-1a to (E)-1a in a semi-aqueous medium, we evaluated the simultaneous, cooperative photoisomerization and enzymatic reduction of (Z)-1a with the same photocatalysts (Fig. 2a) . Moderate to high yields of 2a were obtained when a range of catalysts were used in the cooperative process. The highest conversions and yields were obtained when the cooperative reactions were conducted with 5% of flavin mononucleotide (FMN) or 5% of the cationic iridium (iii) complexes [Ir(dmppy) 2 6 (Ir-80) (dmppy, 4-methyl-2-(4-methylphenyl)pyridine; dtbbpy, 4,4′-di-tert-butyl-2,2′-bipyridine; ppy, 2-phenylpyridine; dtbppy, 4-(tert-butyl)-2-(4-(tert-butyl)phenyl)pyridine.)
The high yields and enantioselectivities obtained from the cooperative reduction of the model diester (Z)-1a encouraged us to investigate the cooperative reduction of other aryl diesters. We identified enzymes that preferentially reduce the E isomers of diesters 1b-f (Fig. 3a) in high yields and enantioselectivities (Supplementary Tables 4-8) . These enzymes were then used in the cooperative reduction of the Z isomers of 1b-1d with Ir-16 or FMN as a photocatalyst in the presence of blue light. High yields of product were obtained from the cooperative isomerization and reduction of each of the diesters, including those containing electron-rich ((Z)-1b) and electron-poor ((Z)-1d) aryl groups with either FMN or Ir-16 as photocatalysts and the enzymes YersER or XenB (Fig. 3a) . The yields and enantiomeric excess (e.e.) of the products obtained from the cooperative reductions of the Z isomers of 1b-d were equivalent to those obtained from the enzymatic reduction of the E isomers of substrates 1b-d in the absence of the photocatalyst. This result suggests that the cooperative reduction of any E/Z mixture of these alkenes should give high yields of the reduced products and proceed with high enantioselectivity. This feature of the cooperative system was crucial to obtain high yields and enantioselectivities for the reduction of 1e and 1f, which were synthesized as inseparable mixtures of E and Z alkenes. The cooperative chemoenzymatic reduction of a 62:38 mixture of E and Z isomers of 1e afforded 2e in 74% yield and >99% e.e., and the cooperative reduction of a 61:39 mixture of E and Z isomers of 1f afforded 2f in 94% yield and 91% e.e. The yields and enantioselectivities from the cooperative reduction of (E/Z)-1e and (E/Z)-1f indicate that the reactions were stereoconvergent. The enzymatic reductions of 1e and 1f in the absence of a photocatalyst and light formed the reduced products in only 58% and 60% Letter reSeArCH yield, which reflects reaction with only the E isomer of the E/Z mixture (Supplementary Tables 7, 8 ).
To determine if the cooperative reaction would give high yields and high enantioselectivities with alkenes other than diesters, the cooperative reductions of unsaturated compounds containing diverse combinations of functional groups were evaluated. The ene-reductases OPR1, TOYE, OYE2, YersER, and SYE1 preferentially reduced the E isomers of alkenes 1g-o to form 2g-o in high yields and with high enantioselectivities (Supplementary Tables 9-17 ). The cooperative reactions of the Z isomers of 1g-o were then conducted with Ir-16 or FMN in the presence of blue light. Figure 3a shows results from the combination of a photocatalyst and an enzyme that generated the products in the highest yields and with the highest enantioselectivities from the Z isomers of 1g-o. Good results were obtained for the cooperative reduction of Tables 14-16 ). In these cases, the alkenes (1l-n) isomerize in the presence of blue light alone ( Supplementary Figs. 13, 22, 23) .
The cooperative enzymatic reductions of alkenes 1i and 1j shown in Fig. 3b illustrate the benefits of a cooperative system over two sequential reactions. The photoisomerization of (Z)-1i and (Z)-1j with Ir- 16 or FMN results in E/Z mixtures in which the less reactive Z isomer is the major component. As a result, low yields were obtained from the sequential isomerization and reduction of (Z)-1i and (Z)-1j. The e.e. of 2i obtained from the sequential isomerization and reduction of (Z)-1i was slightly lower than the e.e. obtained from the enzymatic reduction of the pure, more reactive isomer (E)-1i, and this difference probably results from the slow reduction of the Z isomer of 1i after rapid consumption of the E isomer during the second stage of the sequential process ( Supplementary Fig. 30 ). By contrast, the simultaneous, cooperative reduction of (Z)-1i and (Z)-1j generated products 2i and 2j in high yields and with high enantioselectivities.
An enzyme that selectively reduces the E isomer of trifluoromethylcyanate 1p in high yield and with high enantioselectivity could not be identified; however, OYE2 selectively reduces the Z isomer of 1p in this way (Supplementary Table 18 ). To determine if a cooperative reaction could convert (E)-1p to 2p in high yield and with high enantioselectivity, the ability of (E)-1p to undergo photoisomerization in the presence of Ir-16 and blue light was evaluated. An 86:14 ratio of the E/Z isomers of 1p was established after 24 h of irradiation with blue light in the presence of Ir-16. Although the photostationary state of 1p favours the less reactive E isomer, the cooperative reaction of (E)-1p to 2p occurred in high yield and with high enantioselectivity with Ir-16 as the photocatalyst and OYE2 as the reductase. This example illustrates an important benefit of the cooperative chemoenzymatic reaction: the system enables either the isomerization of a Z alkene with simultaneous enzymatic reduction of the E isomer or the isomerization of an E alkene with simultaneous enzymatic reduction of the Z isomer. The conversion of (E)-1p to 2p is also noteworthy because of the dearth of reductions of an alkene with isolated enzymes to generate a product containing a stereogenic centre substituted with a trifluoromethyl group.
To demonstrate the synthetic value of this new method, preparativescale cooperative reactions were conducted with 1% Ir-16 and the following alkenes: 40-60 mg of (Z)-1a, a 62:38 mixture of the E and Z isomers of 1e, (Z)-1g, (Z)-1h, and (Z)-1o. Product 2a was isolated in 87% yield and >99% e.e., 2e in 79% yield and >99% e.e., 2g in 71% yield and >99% e.e., 2h in 96% yield and 92% e.e., and 2o in 79% yield and >99% e.e.
The enantioenriched compounds that were obtained from the cooperative isomerization and enzymatic reduction system can be transformed into a variety of biologically active molecules and valuable synthetic intermediates (Fig. 4) . For example, the selective hydrolysis of the tert-butyl ester in compound 2e followed by a Curtius rearrangement yielded 3e, a β 2 -amino ester. The β-amino ester was isolated in 90% yield without a notable reduction in enantiomeric excess (98% e.e.). The selective reduction of the Weinreb amide in compound 2g with Schwartz's reagent yielded methyl 4-oxo-2-phenylbutanoate (3g) in 74% isolated yield and 99% e.e. This compound is an intermediate in the synthesis of protein kinase inhibitors and microsomal triglyceride transfer protein inhibitors 22, 23 . Acid-catalysed hydrolysis of the nitrile in 2p yielded 4,4,4-trifluoro-3-phenylbutanoic acid (3p) in 96% yield and >99% e.e. This versatile synthetic intermediate has previously been used in the synthesis of inhibitors of beta amyloid production 24, 25 . Reduction of 2a with lithium aluminium hydride formed 2-phenylbutane-1,4-diol (3a) in 93% yield and >99% e.e. This diol is a synthetic precursor to inhibitors of matrix metalloproteases 26 . Other products of the cooperative reactions are known precursors to biologically active compounds. For example, 2i and 2j have been converted previously to γ-amino acids (including baclofen and phenibut) and γ-lactams 14 , 2h has been converted into a γ 2 amino ester and a γ 2 lactam 27 , and 2m has been converted into calyxolanes, which are cyclic ether natural products 28 . Thus, the products of the cooperative chemoenzymatic reduction are precursors to valuable synthetic intermediates using both newly disclosed and previously reported transformations.
The combination of a photocatalytic process and an enzymatic reaction enables transformations that combine the reactivity of chemical catalysts with the selectivity of enzymes. Two features of photocatalytic reactions make them, in general, suitable for chemoenzymatic processes: first, photochemical reactions typically occur at or near room temperature, making them compatible with the thermal requirements of enzymatic systems, and second, photocatalysts often react by mechanisms, such as outer-sphere electron transfer or energy transfer, that involve intermediates that are stable towards water and the functional groups in proteins. These considerations, in combination with the renewed interest in photocatalysis and the rapidly advancing tools of molecular biology, should create opportunities for the development of a wide range of new cooperative chemoenzymatic transformations.
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